ABSTRACT
Introduction
Injury (trauma or ischemia) in the brain triggers an abnormal release of glutamate and other excitatory aminoacids that contribute significantly to neuronal death [1, 2] . This phenomenon, named excitotoxicity, has also been implicated in epileptic seizures [3] and various chronic and progressive neurodegenerative diseases, such as Huntington's chorea, Alzheimer's disease, and Parkinson's disease [4] . The neuronal death induced by glutamate is mediated by activation of the N-methyl-D-aspartate (NMDA)-subtype receptor of Glu and involves an increase in intracellular calcium concentrations that leads to an intracellular cascade of cytotoxic events [5] . Zhang and Bhavnani [6] report that changes that occur in apoptosis depend on the neuron cell type. On the other hand, treatment of neuronal cultured cells with 1-methyl 4-phenyl 1, 2, 3, 6-tetrahydropyridine (MPTP) is currently studied as a model of Parkinson's disease [7] . MPP + treated cells show signs of apoptosis and the toxin appears to act at oxidative-stress level, with the induction of p53, opening of the mitochondrial membrane transition pore and activation of the JNK pathway [8] , although the specific mechanisms are not fully understood.
Nucleo CMP Forte ® is a commercial nucleotide-based drug, consisting of uridinemonophosphate (UMP), uridinediphosphate (UDP), uridinetriphosphate (UTP) and cytidinemonophosphate (CMP). Nucleotides have shown to be effective in the treatment of diverse neurological peripheral syndromes and nucleotide containing drugs, such as Nucleo CMP Forte ® have been prescribed to patients with lumbosciatalgia, alcoholic and diabetic polyneuropathies or trigeminal neuralgia, although their mechanism of action remains to be established [9] [10] [11] . Furthermore, nucleotides play a central role in many cellular processes, including those associated with nerve repair [12] . # To our deep regret Ms NúriaDurany died during this study.
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Uridine and cytidine are fundamental components of DNA and RNA, and are indispensable precursors in the biosynthesis of phospholipids and glycolipids, which include phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, gangliosides, cerebrosides, and sphigomyelin [13] [14] [15] . Sugar conjugates of uracilnucleotides also participate in protein and lipid glycosylation reactions, and in the synthesis of glycogen [16] . Uridine is the main source of cytidinetriphosphate (CTP) for the brain cells, since it can cross the blood-brain barrier and be phosphorylated to UTP, which in turn can be aminated to CTP [17] .
Regarding peripheral nervous system, studies in vivo have shown that the addition of these nucleotides favors the regeneration of myelinatednerve fibers following crush injury to the sciatic nerve of the rat, thus accelerating the process of nerve repair [12] , improving recovery after exhaustive exercise [18] and inhibiting spinal pain transmission [19] .
Little is known about the beneficial effects of nucleotides on the central nervous system. Oral administration of UMP alone or in combination with unsaturated fatty acids increases spine density and the synthesis of synaptic proteins and ameliorates the impairment of hippocampal-dependent memory in impoverished rats, which provides a rationale for testing these compounds in the search for a way to treat neurological diseases characterized by synaptic loss [18, [20] [21] [22] . Moreover, UTP administration to rats protects against cerebral ischemia reperfusion injury by reducing the infarct zone [26] . The present study demonstrates the neuroprotective effects of Nucleo CMP Forte ® in two in vitro models of neuronal death: glutamate excitotoxicity and MPP + toxicity.
Methods

Materials and Reagents
First, Nucleo CMP Forte ® was donated by GrupoFerrer (Barcelona, Spain). All cell culture media and supplements were obtained from Gibco ® (Invitrogen™, Carlsbad, CA, USA), and cell culture plastic ware was from Nunc™ (Roskilde, Denmark). All other reagents were purchased from Sigma-Aldrich ® (St. Louis, MO, USA).
SH-SY5Y Cell Culture
The 
Primary Cultures of Rat Cortical Cell
Primary neuronal cultures of cerebral cortex were obtained from rat embryos (E16 -18) according to Gallai [9] with certain modifications. Dissociated cells were plated at a density of 5.7 × 10 4 cells/cm 2 in Basal Medium Eagle (BME) supplemented with 10% (v/v) FCS, 50 U/mL penicillin, 50 µg/mL streptomycin, 2 mmol/L L-glutamine and plated onto poly-D -lysine-precoatedwells. Cultures were kept for 7 days in vitro at 37˚C in a humidified 5% CO 2 atmosphere. Immediately afterplating, the medium was replaced by BME, supplemented as above and with 10 µmol/Lcytosine arabinoside to prevent the proliferation of non-neuronal cells. Only mature cultures (11 to 14 days in vitro) were used for cell treatments. The procedures were followed in accordancewith guidelines of the Comissiód' Èticaen l' Experimentació Animal i Humana of the UniversitatAutònoma de Barcelona and animals were handled in accordance with the European legislation on the care of experimental animals (86/609/EEC).
Cell Treatment
To determine the highest non-toxic concentration of Nucleo CMP Forte ® , itwas added to the medium 48 hours prior to cell viability assays, at concentrations ranging from 0 to 16 g/L. In experiments in which the protective effect of Nucleo CMP Forte ® was tested, Nucleo CMP Forte ® (3 g/L) was added 24 h before the addition of increasing MPP + or glutamate concentrations and incubated for further 24 hours, and cell viability was then assayed.
Cell Viability Assay
Thiazolyl Blue Tetrazolium Bromide (MTT) assay performed as previously described by Hansen [24] , with minor modifications. MTT was added 24 hours after cell treatment at a final concentration of 0.5 g/L for SH-SY5Y cells or 0.2 g/L for cortical neurons and incubated at 37˚C in a CO 2 incubator for 45 min. Then, MTT medium was removed and the resulting formazan dye was solubilised with dimethylsulfoxide. Absorbance was measured using a spectrophotometer (Synergy™ HT, BioTeK ® , USA) at a test wavelength of 560 nm and reference wavelength of 620 nm. The results are expressed as a percentage with respect to untreated cells (100%).
of whole-cell protein extract were determined by an enzymatic colorimetric method from WakoChemicals (No. 990-54006, 419-10698 and 419-43998, respectively) according to the manufacturer's instructions.
Statistical Analysis
All analysis was performed using SPSS ® software (Chicago, USA). To establish differences between control and Nucleo CMP Forte ® treated cells, one-way or twoway ANOVA tests were performed, followed by a MannWhitney post-test. Differences were considered significant when p-value was lower than 0.05 (p < 0.05).
Results
Cytotoxicity of the Nucleotide-Based Drug
In order to determine the highest non-toxic concentration of Nucleo CMP Forte ® for the treatments, neuroblastoma cell line SH-S5Y5 (Figure 1(a) ) and cortical neurons (Figure 1(b) ) were incubated at increasing drug concentrations, and cell viability was measured using the MTT assay. Cell viability decreased with increasing concentrations of Nucleo CMP Forte ® in both cell types. SH-S5Y5 cells showed a slight decrease in cell viability at 6.0 g/L, and a strong decrease (40%) at 8.0 g/L (Figure 1(a) ). Similar results were obtained with cortical neurons, although the decrease appeared at lower concentrations. These cells showed only 60% viability when treated with 6.0 g/L (Figure 1(b) ). In both cases higher drug concentrations steeply reduced cell survival: cell viability was 10% at the highest drug concentration tested (16 g/L). Based on these results, 3.0 g/L of Nucleo CMP Forte ® (composed by 5.1 mM CMP, 1017 µM UMP, 837 µM UDP and 681 µM UTP) was considered a safe drug concentration (98.1 ± 2.7 % and 98.5 ± 0.7 % cell viability for cortical neurons and SH-S5Y5, respectively), so 3.0 g/L of Nucleo CMP Forte ® was used for further cell treatments.
Effects of the Nucleotide-Based Drug on SH-SY5Y Cell Growth
The SH-S5Y5 cell line was grown and counted with Trypan Blue over five consecutive days (Figure 2 ). Cells treated with Nucleo CMP Forte ® showed higher proliferation rates than untreated control cells, (EC 50 1.50 vs 2.23 days, respectively). The experimental data show a typical sigmoid dose response curve, with r 2 = 0.99. From the third day onwards, both cultures reached confluence, thus the number of cells was similar.
Effects of the Nucleotide-Based Drug on SH-SY5Y Lipid Concentration
Having seen the effects of the drug on cell growth, we examined its effects on lipid concentration. Consistent with the cell proliferation observed, protein concentration was significantly higher in treated cell cultures than in untreated cultures (0.99 ± 0.04 vs 0.59 ± 0.04 g/L, respectively; p < 0.001). As shown in Table 1 , the concentration of phospholipids and triglycerides was more than double (p < 0.001) in treated cells compared to untreated cells. Nevertheless, there were no significant changes in cholesterol concentration.
Nucleotide-Based Drug Attenuates MPP + -and Glutamate-Induced Toxicity
To study the neuronal protection afforded by the drug, SH-S5Y5 and cortical neurons were exposed to various concentrations of MPP + , 24 hours after treatment with Nucleo CMP Forte 
3(b)).
Finally, we measured the protection conferred by Nucleo CMP Forte ® against glutamate. Non-treated SH-S5Y5 cells showed a 25% decrease in cell viability when the glutamate concentration was higher than 500 μmol/L (Figure 4(a) , dotted line). Prior incubation with Nucleo CMP Forte ® reduced cell death and significantly increased (p < 0.05) cell viability when the glutamate insult was 556 µmol/L (Figure 4(a) , solid line). Cortical neurons were more sensitive than SH-S5Y5 cells to glutamate insult (Figure 4) , showing more that 40% mortality at the highest concentrations. Drug pretreatment also conferred significant protection (p < 0.05) on cortical neurons, increasing cell viability to 86% (Figure 4(b) ).
Discussion
In this study, we analyzed the neurotrophic and the neuroprotective effects of Nucleo CMP Forte ® , a mixture of pyrimidine nucleotides, on human neuroblastoma SH-SY5Y cell line and a primary culture of cortical neurons. Pyrimidine nucleotides have long been known as intermediates in cell metabolism [25] . They are key building blocks for nucleic acid synthesis, their amino derivatives are activators in phospholipid synthesis, and their sugar conjugates participate in glycogen biosynthesis, and in protein and lipid glycosylation. More recently, several Gprotein-coupled P2Y receptors that can be activated by pyrimidine nucleotides have been discovered. Therefore, new effects mediated by uracil derivatives have emerged, in particular in the nervous systems, and previously unexplored avenues for the pharmacological manipulation of this system are currently under investigation [26] [27] [28] .
Uracil nucleotides control various physiological events such as cell survival, proliferation and differentiation. Neurotrophic assays, in the SH-SY5Y neuroblastoma cell line as an in vitro model of dopaminergic neurons for Parkinson's disease [29] , show that the addition of pyridine nucleotides stimulates cell division as well as the synthesis of lipids (phospholipids and triglycerides). The increase in phospholipid levels observed in our study agrees with other studies involving nucleotides. For example, Gallai et al. 1992 [9] shows that the administration of uridine to patients with diabetic polyneuropathy led to a significant improvement in nerve transmission and these results could be explained by an increase in lipid synthesis, above all polyphosphoinositides, which are important components of neuron membranes [30] . In relation to cell proliferation, it was previously described that UTP increases cell proliferation in C6 glioma cell line and astrocytes, and it was associated with Ras-RAf-MEK-MAPK pathways [31, 32] . Indeed, the mitogenic effects of Nucleo CMP Forte ® in the SH-SY5Y neuroblastoma cell line could be related to the activation of the Gq protein coupled P2Y purinoreceptors that stimulate MAPK pathways leading to DNA synthesis and cell proliferation. This ligand-activated upregulation of P2Y receptors by UTP is correlated with cell differentiation, promoting neurite outgrowth and elongation [33] . Interestingly, other studies using human neural stem/precursor cells demonstrate that UTP augments proliferation in these neural cells [34] , which is consistent with our results. In addition, they also demonstrate that UTP and UDP promote dopaminergic differentiation of neural stem cells. Importantly, due to the selective loss of dopaminergic neurons in Parkinson's disease, the finding that UTP and UDP can induce both neural stem cell proliferation and dopaminergic differentiation could represent a starting point for the development of new therapeutic approaches for this pathology.
In the present study, we also performed neuroprotection experiments on human neuroblastoma SH-SY5Y cell line and on a primary culture of cortical neurons injured with two chemical products, MPP + and glutamate. Our purpose was to examine the neuroprotective effects of Nucleo CMP Forte ® in neuron cell death caused by excitotoxicity and in a model of Parkinson disease. Our results clearly show a protective effect of cytidine and uridine against the two kinds of cytotoxicity. In neuronal cells, MPP + is taken up by catecholaminergic neurons via the dopaminergic reuptake system (dopamine transported, DAT). It is concentrated in the mitochondria, where it inhibits complex I of the respiratory chain, leading to ATP depletion and, eventually, to cell death of dopaminergic neurons [14] . In cardiomyocytes, UTP preserves mitochondrial function by inducing transient membrane depolarization, which protects against subsequent chemical or hypoxic stress [35] . On the other hand, glutamate (Glu)-induced excitotoxicity during brain ischemia leads to an intracellular cascade of cytotoxic events [36] . It has been described in an astrocytic cell line that UTP positively regulates the anti-apoptotic genes bcl-2 and bcl-x and down-regulates the pro-apoptotic gene bax, but little is known about neuroprotective effects of pyrimidine nucleotides on neuronal cell death. Our results show that Nucleo CMP Forte ® protects against glutamate-induced neuronal death. The role of uracil nucleotides in brain ischemia remains to be established. However, several demonstrations of their protective role against cell death are now emerging [29] . Cell lysis such as necrotic death causes the extracellular release of the whole cytoplasmic and organelle content including nucleotides, whose concentration increases dramatically in the close proximity of the damaged tissue. The increased release of uracil nucleotides accompanied by receptor up-regulation might be the first response to damage, which triggers signals to the surrounding tissue. It is conceivable that pharmacological manipulation of this system may thus increase the beneficial effects of uracil nucleotides and reduces their noxious effects.
Conclusions
Nucleo CMP Forte ® has shown significant neuroprotective effects against glutamate-and MPP + -induced toxicity. We conclude that the data reported in this study may lead to the investigation of new pharmacological applications of Nucleo CMP Forte ® . However, it will be necessary to extend these studies to more complex models in order to evaluate possible therapeutic applications in detail, and to elucidate the molecular mechanism of the neuroprotective effects.
